ABSTRACT: Fiberglass geogrids are often used to minimize thermal and stress related reflective cracking and to increases the fatigue life of pavements with weak foundations. The objective of this paper is to evaluate the bearing capacity of flexible pavement system on weak subgrade reinforced with fiberglass geogrids by laboratory California Bearing Ratio (CBR) test. The pavement system consists of a cold mix asphalt layer, a gravel base layer, and a soft clay subgrade. Two fiberglass geogrids were used as reinforcement material and were placed at two different locations. The bearing capacity of unreinforced and reinforced pavement systems were measured and compared. Results of these tests show that the bearing capacity of the pavement system can be increased by up to 166% for the system reinforced with fiberglass geogrid placed at the middle of the asphalt layer.
INTRODUCTION
Geosynthetics such as geotextiles or geogrids have been widely used as reinforcement material in pavement systems due to the potential benefits of increasing service life and/or reducing base course thickness. Several experimental approaches, ranging from small-scale laboratory tests to full-scale field tests have been developed to investigate the effects of reinforcement with geosynthetics in pavement systems. Results from these studies indicated that, by incorporating geosynthetics in the pavement base course can generally improve the overall performance of pavements and thus help them achieve a longer service life. Livneh et al. (1993) pointed out that the installation of a geotextile increases about 4 times the resistance to crack propagation for pavement. Komatsu et al. (1998) performed laboratory tests on reinforced asphalt pavement using a wheel-tracking device to evaluate reinforcement function of geosynthetic interlayers in reducing permanent deformation. Perkins (2002) utilized a heavy vehicle simulator to apply traffic loads for characterizing the dynamic response of geosynthetic reinforced flexible pavement in an environmental controlled facility. Prieto et al. (2007) performed wheel reflective cracking test to investigate the principal deterioration mechanisms of geosynthetics in anti-reflection pavement systems. Khodaii et al. (2009) conducted laboratory testing to investigate the effects of geogrid position, type of underlying old pavement (concrete or asphalt pavement), temperature and crack opening on performance of reinforced systems and retarding reflection crack growth. The benefits of using geosynthetics to enhance the performance of pavement constructed over soft subgrade were investigated by Abu-Farsakh et al. (2016) using cyclic plate load tests.
Most of the tests mentioned above were performed by placing the reinforcement material within base course or subgrade. With the increasing use of fiberglass geogrids in the asphalt layer, Fallah and Khodaii (2015) performed laboratory cyclic loading tests to investigate the effects of geogrid stiffness, tensile strength, coating type, amount of coating, overlay thickness, crack width and stiffness of asphalt on the performance of asphalt pavement reinforced with geogrid interlayer. Sina et al. (2016) evaluated the permanent deformation of geogrid reinforced asphalt concrete using dynamic creep test. However, the performance of reinforced asphalt pavement may be also influenced by base course or subgrade. Therefore, the bearing capacity of flexible pavement system reinforced with fiberglass geogrid was investigated in this study.
TESTING PROGRAMS
In this paper, a series of laboratory CBR tests(ASTM D-1883) were performed to evaluate the benefits of enhancing the bearing capacity of flexible pavement system on weak subgrade reinforced with fiberglass geogrids. The pavement system consists of a 2cm-thick cold mix asphalt layer, a 2~4cm-thick gravel base layer, and a 10cm-thicksoft clay subgrade. The physical properties of the base course gravel and subgrade clay are summarized in Table 1 . According to the Unified Soil Classification (UCS) system, these two materials can be classified as well-graded gravel with sand (GW) and silty clay with sand (CL-ML), respectively. Previous study (Yang et al., 2016) has shown that a weak subgrade layer (CBR = 2%) can be obtained by consolidating the clay at a water contain of 18% with a normal stress of 84 kN/m 2 . Therefore, the subgrade layer was prepared by consolidating 1210gm/layer of wet clay in three layers in a 6"-diameter compaction mold using a loading frame as shown in Fig. 1 .The base layer was prepared by compacting the amount of gravel needed (780 gm for 2cm-thick layer) at the optimum water content (3.0%) using a Modified Proctor hammer. The pavement layer (with a Marshall Stability of 2.5 kN) was prepared by compacting cold mix asphalt that is commonly used for the repair of road pavement using Modified Proctor hammer with 43 blows for 1cm-thick layer to match the energy required for Marshall Stability Test. Two different types of fiberglass geogrid were used as reinforcement material. The properties of these two geogrids are shown in Table 2 . The geogrids were placed at two different locations -at the middle of the asphalt layer and the interface between asphalt and gravel layer. Rapid curing coating by the amount of 0.4 L/m 2 was placed on both sides of the geogrid before compaction. California Bearing Ratio tests were performed on un-reinforced and reinforced samples using the apparatus as shown in Fig. 2 to investigate the benefits of reinforcing the pavement system with the two fiberglass geogrids. Results of these tests are discussed in the following section. 
Unreinforced System
In order to compare the benefits of improving the bearing capacity of pavement system by reinforcement with geogrids or by increasing the thickness of base course, CBR tests were performed on un-reinforced pavement systems with 2cm and 4cm thick base course material (gravel). Results of these tests are summarized in Table 3 and Fig. 3 .In Table 3 
where q reinforced is the applied stress of a reinforced pavement system at a given penetration, while q unreinforced is the applied stress of an unreinforced pavement system at the same penetration, respectively. It can be seen that the ultimate bearing capacity (applied stress at 12.5mm penetration) of the pavement system increases from 1262 to 1771 kPa when the thickness of gravel is doubled (from 2 to 4cm) -a 40% increase in the bearing capacity. Furthermore, the increase in bearing capacity is more than 500 kPa while increase in bearing in soil pressure is 120 kPa, only about 1/4 of the applied stress. 
System Reinforced with Composite Geogrid
Results of the CBR test on pavement system reinforced with composite geogrid are summarized in Table 3 and Fig. 4 . As shown in Table 3 , the BCR increases as the penetration depth increases, which means a certain amount of deformation is required for the reinforcement to taking effect. The ultimate bearing capacity of reinforced system increases from 1262 to 2239 (BCR = 1.77) and 3048 (BCR = 2.44) kPa when the geogrids were placed at the bottom and the center of the asphalt layer, respectively. It is clear that placing the geogrid at the center is more effective than placing it at the bottom. It is also evident that reinforcing the asphalt layer is more effective than doubling the thickness of the base course layer. As shown in Fig. 4(b) , because the stiffness of pavement is increased by reinforcement, the soil pressure of the reinforced systems is higher than that of the unreinforced systems. 
System Reinforced with Fiberglass Geogrid
Results of the CBR test on pavement system reinforced with fiberglass geogrid are summarized in Table 3 and Fig. 5 . The ultimate bearing capacity of reinforced system increases from 1262 to 2408 (BCR = 1.91) and 3356 (BCR = 2.66) kPa when the geogrids were placed at the bottom and the center of the asphalt layer, respectively. The bearing capacity of these two reinforcement configuration are all higher than the bearing capacity of unreinforced system with 4cm-thick of gravel. The fact that reinforcing the asphalt layer is more effective than doubling the thickness of the base course layer is proven again. As shown in Fig. 5(b) , the soil pressure of the reinforced systems is much higher than that of the unreinforced systems due to the increase in stiffness of pavement by reinforcement. Figure 5 . Results of CBR test on pavement system reinforced with fiberglass geogrid.
Comparison between Two Geogrids
Loading curves of the pavement system reinforced by the two geogrids placed are compared in Fig. 6(a) for placement at the bottom and in Fig. 6(b) for placement at the center of asphalt layer. It can be seen that pavement systems reinforced with fiberglass geogrid have higher bearing capacity than systems reinforced with composite geogrid. The reason may be due to the fact that fiberglass geogrid has higher tensile strength than composite geogrid does. It is also possible that particles of the asphalt can pass through the opening of the fiberglass geogrid which provides better interlocking thus increase the strength. By comparing Figs. 6(a) and 6(b), it can be seen that the bearing capacities of pavement systems reinforced at the center of asphalt layer are all higher than systems reinforced at the bottom for both geogrids. Therefore, it more effective to place the reinforcements at the center of asphalt layer than place them at the bottom. 
CONCLUSIONS
Based on the results of CBR tests performed in this study, the following conclusions can be drawn:
(1) Reinforcing the flexible pavement system with geogrids can obtain higher bearing capacity than doubling the thickness of base course material, especially at high penetration depth. (2) The regular fiberglass geogrid out performs composite geogrid in increasing the bearing capacity of flexible pavement system. (3) It is more effective to place the reinforcement materials at the center of asphalt layer than place them at the bottom. (4) For flexible pavement system reinforced with fiberglass geogrid, its bearing capacity can be improved by up to 166%. 
